Optical coherence tomography (OCT) is a new technology for performing high resolution cross sectional imaging. OCT is analogous to ultrasound imaging, except that it uses light instead of sound. OCT can provide cross sectional images of tissue structure on the micron scale in situ and in real time. Using OCT in combination with catheters and endoscopes enables high resolution intraluminal imaging of organs. OCT functions as a type of optical biopsy and is a powerful imaging technology for medical diagnostics because unlike conventional histopathology which requires removal of a tissue specimen and processing for microscopic examination, OCT can provide images of tissue in situ and in real time. OCT can be used where standard excisional biopsy is hazardous or impossible, to reduce sampling errors associated with excisional biopsy, and to guide interventional procedures. In this paper, we review OCT technology and describe its potential medical applications.
Introduction
Optical coherence tomography (OCT) is a new optical imaging technique that performs high resolution, cross-sectional tomographic imaging of the internal microstructure in biological systems [1] . OCT is analogous to ultrasound B mode imaging except that it uses light instead of sound. Image resolutions of 2-15 urn can be achieved, over one order of magnitude higher than conventional clinical ultrasound. OCT performs imaging by measuring the echo time delay and intensity of backscattered light from internal microstructure in the tissue. OCT images are a twodimensional data set which represent the optical backscattering in a cross sectional plane through the tissue.
modality [2] [3] [4] [5] [6] . Working in collaboration with the New England Eye Center, several thousand patients have been examined to date. The technology was transferred to industry and introduced commercially for ophthalmic diagnostics in 1996 (Humphrey Systems , Dublin, CA).
More recently, advances in OCT technology have made it possible to image nontransparent tissues, thus enabling OCT to be applied in a wide range of medical specialties [7] [8] [9] . Imaging depth is limited by optical attenuation from tissue scattering and absorption.
However, imaging up to 2-3 mm deep can be achieved in most tissues . This is the same scale as that typically imaged by conventional biopsy and histology. Although imaging depths are not as deep as with ultrasound, the resolution of OCT is more than 10 times finer than standard clinical ultrasound. OCT has been applied in vitro to image arterial pathology and can differentiate plaque morphologies [8, 10] . Imaging studies have also been performed in vitro to investigate applications in dermatology, gastroenterology, urology, gynocology, surgery, neurosurgery , and rheumatology [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . OCT has also been applied in vivo to image developing biological specimens (African frog, leopard frog, and zebrafish tadpoles and embryos) [21] [22] [23] . For applications in developmental biology, OCT allows repeated imaging of developing morphology without the need to sacrifice specimens.
Numerous developments in OCT technology have also been made . OCT has been interfaced with catheters, endoscopes, and laparoscopes [24] [25] [26] . High speed and high resolution OCT imaging has been demonstrated [27] [28] [29] . Cellular level OCT imaging has recently been demonstrated in developmental biology [30] . Catheter and endoscope OCT imaging of the gastrointestinal and pulmonary tracts as well as arterial imaging has been demonstrated in vivo in an animal model [31] , Preliminary endoscopic OCT studies in human subjects have been reported [32] . Studies in patients are currently being performed by our group as well as other groups
In general, there are three types of clinical scenarios where we believe that OCT could have important applications: 1. Where conventional excisional biopsy is hazardous or impossible, 2. Where conventional biopsy has an unacceptably high false negative rate because of sampling errors, and 3. For guidance of surgical interventional procedures. In this manuscript, we review the fundamental concepts of OCT imaging, technology, and discuss potential applications to biomedical research and clinical medicine.
Principles of operation and technology
OCT is analogous to ultrasound imaging but uses light instead of sound. Cross sectional images are generated by measuring the echo time delay and intensity of light which is reflected or backscattered from internal microstructure in tissue. Because the velocity of light is extremely high, its echo time delay cannot be measured directly by electronics as in ultrasound. Instead, it is necessary to use correlation or interferometry techniques. One method for measuring the echo time delay of light is to use low coherence interferometry. Low coherence interferometry was first developed for measuring reflections in fiber optics and optoelectronic devices [33, 34] . The first applications of low coherence interferometry in biomedicine were in ophthalmology to perform precision measurements of axial eye length and corneal thickness [35] [36] [37] .
Low coherence interferometry measures the echo time delay and intensity of backscattered light by comparing it to light that has traveled a known reference path length and time delay, Measurements are performed using a Michelson type interferometer ( Figure 1 ).
Light from a source is directed onto a beam splitter and one of the beams is incident onto the sample to be imaged, while the second beam travels a reference path with a variable path length and time delay. The backscattered light from the sample is interfered with reflected light from the reference arm and detected with a photodetector at the output of the interferometer. If the light source is coherent, then interference fringes will be observed as the relative path lengths are varied. However if low coherence or short pulse light is used, then interference of the light reflected from the sample and reference path can occur only when the two path lengths match to within the coherence length of the light. The echo time delay and intensity of backscattered light from sites within the sample can be measured by detecting and demodulating the interference output of the interferometer while scanning the reference path length. Figure 2 is a schematic illustrating how OCT performs cross sectional imaging. The One of the advantages of OCT is that it can be implemented using compact fiber optic components and integrated with a wide range of medical instruments . Figure  3 shows a schematic of an OCT system using fiber optic Michelson type interferometer . A low coherence light source is coupled into the interferometer and the interference at the output is detected with a photodiode. One arm of the interferometer emits a beam which is directed and scanned on the sample which is being imaged, while the other arm of the interferometer is a reference arm with a scanning delay line.
For research applications, short pulse lasers are used as light sources for OCT imaging because they have extremely short coherence lengths and high output powers , enabling high resolution, high speed imaging. Many of our studies were performed using a short pulse Cr4+:Forsterite laser. This laser produces output powers of 100 mW generating ultrashort pulses at wavelengths near 1300 nm and can produce bandwidths sufficient to achieve an axial resolution of 5-10 p.m [29] . Using incident powers in the 1-10 mW range and typical image acquisition speeds of several frames per second , signal to noise ratios of 100 dB are achieved. In other studies, a short pulse Ti:Al2O3 laser operating near 800 nm has been used to achieve axial resolutions of 4 urn [28] . Most recently , with the development of even short pulse laser sources,
we have demonstrated axial resolutions of less than 2 urn [38] . For clinical applications, High speed OCT imaging also requires technology for high speed optical delay scanning of the reference path length. Many of our studies were performed using a high speed scanning optical delay line based on a diffraction grating phase control device [39] . This device is similar to pulse shaping devices that used in femtosecond optics [40, 41] . The grating phase control scanner is attractive because it achieves extremely high scan speeds and also permits the phase and group velocity of the scanning to be independently controlled.
Images of 250 to 500 transverse pixels can be produced at 4-8 frames per second [31] . This technology can be scaled to perform imaging at even higher image acquisition speeds.
Biomedical Applications
Ophthalmic Imaging
OCT was initially applied for imaging of the eye [2] [3] [4] [5] [6] . To date, OCT has had the largest clinical impact in ophthalmology. Figure 4 shows an example of an OCT image of the normal retina of a human subject [4] . This image is 250 transverse pixels wide using a wavelength of 800 nm with a 10 um resolution. The OCT image provides a cross sectional view of the retina with unprecedented high resolution and allows detailed structures to be differentiated. Although the retina is almost transparent and has extremely low optical backscattering, the high sensitivity of OCT imaging allows extremely weak backscattering features such as the vitreal-retinal junction to be visualized. The retinal pigment epithelium and choroid, which is highly vascular, are visible as highly scattering structures in the OCT image. The retinal nerve fiber layer is visible as a scattering layer originating from the optic disk and becoming thinner approaching the fovea. The total retinal thickness as well as the retinal nerve fiber layer thickness can be measured. Since these images have a resolution of 10 um, there can be residual motion of the patient's eye on the 1-2 second time scale necessary for the measurement. However, since OCT measures absolute position, image processing algorithms can be used to measure the axial motion of the eye and correct for motion artifacts [2] .
Clinical studies have been performed to investigate the feasibility of using OCT for the diagnosis an monitoring of retinal diseases such as glaucoma, macular edema, macular hole, central serous chorioretinopathy, age related macular degeneration, epiretinal membranes, optic disc pits, and choroidal tumors [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] . In addition, the ability of OCT to perform real time imaging has also been used to study dynamic responses of the retina including retinal laser injury [54, 55] . Images can be analyzed quantitatively and processed using intelligent algorithms to extract features such as retinal or retinal nerve fiber layer thickness [43] [44] [45] [46] With recent research advances, OCT imaging of optically scattering, nontransparent tissues is possible, thus enabling a wide variety of applications in internal medicine and internal body imaging [7] [8] [9] . One of the most important advances for imaging in optically scattering tissues was the use of longer wavelengths where optical scattering is reduced [56, 57] . By performing OCT imaging at 1.3 urn wavelengths, image penetration depth of 2 to 3 millimeters can be achieved in most tissues. This imaging depth is comparable to the depth over which many biopsies are performed. Imaging where excisional biopsy is hazardous or impossible One class of applications where OCT could be especially powerful is where conventional excisional biopsy is hazardous or impossible. In ophthalmology, retinal biopsy cannot be performed and OCT can provide high resolution images of pathology that cannot be obtained using any other technique [2] [3] [4] [5] [6] . OCT imaging can be performed repeatedly for screening or to track disease progression. Another scenario where biopsy is not possible is imaging of atherosclerotic plaque morphology in the coronary arteries [8] [9] [10] . Recent research has demonstrated that most myocardial infarctions result from the rupture of small to moderately sized cholesterol-laden coronary artery plaques followed by thrombosis and vessel occlusion [58] [59] [60] [61] [62] . The plaques at highest risk for rupture are those which have a structurally weak fibrous cap.
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These plaque morphologies are difficult to detect by conventional radiologic techniques and their microstructural features cannot be determined. Identifying high risk unstable plaques and patients at risk for myocardial infarction is important because of the high percentage of occlusions which result in sudden death [63] . OCT could be powerful for diagnostic intravascular imaging in both risk stratification as well as guidance of interventional procedures such as atherectomy.
In vitro imaging studies of arterial lesions were performed to investigate the correlation of OCT and histology [8, 10] . Figure 5 shows an example of an unstable plaque morphology from a human abdominal aorta specimen and corresponding histology. Specimens were obtained after autopsy and were imaged by OCT using a microscope delivery system prior to fixation. OCT imaging was performed at 1300 nm wavelength using a superluminescent diode light source with However, the resolution of IVUS is limited to approximately 100 um and thus it is difficult to identify high risk plaque morphologies [66] . Studies have been performed which compare IVUS and OCT imaging in vitro and demonstrate the ability of OCT to identify clinically relevant pathology [10] . In vivo OCT arterial imaging has also been performed in New Zealand White rabbits using a catheter based delivery system [67] . Optical scattering from blood limits OCT imaging penetration depths so that saline flushing at low rates was required for imaging. These effects depend on vessel diameter as well as other factors and additional investigation is required.
Detecting Early Neoplastic Changes
Another important class of OCT imaging applications is in situations where conventional excisional biopsy has unacceptably high false negative rates due to sampling errors. This situation occurs in the screening and detection early neoplastic changes. OCT can resolve changes in architectural morphology which are associated with many early neoplastic changes.
In vitro studies have been performed to investigate OCT imaging in the gastrointestinal, urinary, respiratory, and female reproductive tracts [11] [12] [13] [14] 19, 68, 69] . Preliminary in vivo studies in human subjects have also been performed [32, 70] . Figure 6 shows an example of an OCT [31] . Figure 8 shows a schematic of the OCT catheter/endoscope. The catheter/endoscope consists of a single mode optical fiber encased in a hollow rotating torque cable. At the distal end of the catheter, the fiber is coupled to a graded index GRIN lens and a microprism to direct the OCT beam radially, perpendicular to the axis of the catheter [24] . The rotating cable and distal optics are encased in a transparent housing. The OCT beam is scanned by rotating the cable to permit cross sectional transluminal imaging, in a radar-like pattern, in vessels or hollow organs. Figure 9 shows a photograph of the prototype catheter. The catheter/endoscope has a diameter of 2.9 French or 1 mm, comparable to the size of a standard intravascular ultrasound catheter. This is small enough to allow imaging in a human coronary artery or insertion through the accessory port of a standard endoscope or bronchoscope. As shown in Figure  10 , OCT images of the in vivo esophagus permitted differentiation of the These studies demonstrate the feasibility of performing OCT imaging of internal organ systems and suggest a range of future clinical applications. Preliminary OCT imaging studies in patients have been reported [32, 70] . More systematic OCT imaging studies comparing imaging with histological or other diagnostic endpoints are needed. Other research groups as well as our group are currently performing OCT imaging studies in patients and we expect results to be published shortly.
Cellular level OCT imaging
The development of high resolution OCT is also an important area of active research. The image clearly differentiates the layers of the esophagus including the mucosa, submucosa, inner muscularis, and outer muscularis. From reference [31] .
Increasing resolutions to the cellular and subcellular level are important for many applications including the diagnosis of early neoplasias. As discussed previously, the axial resolution of OCT is determined by the coherence length of the light source used for imaging . Light sources for OCT imaging should have a short coherence length or broad bandwidth, but also must have a single spatial mode so that they can be used in conjunction with interferometry . In addition, since the signal to noise depends on the incident power, light sources with average powers of several milliwatts are typically necessary to achieve real time imaging . One approach for achieving high resolution is to use short pulse femtosecond solid state lasers as light sources [28, 29] . The OCT image in Figure 11A shows cells with varying size and nuclear-to-cytoplasmic
ratios.
An enlarged OCT image of a dividing cell is shown in Figure  11C with corresponding histology in Figure  11D . Two distinct nuclei are clearly shown and pinching of the cell membrane is also visible.
In developmental biology, the ability to image cellular and subcellular structure can be used to study mitotic activity and cell migration which occur during development. The extension of these results to human cells has important implications, however, since differentiated human cells are smaller than developing cells, additional improvements in resolution are necessary to achieve this objective. In ophthalmology, improving resolution should allow more precise morphmetric measurements of retinal features such as retinal thickness and retinal nerve fiber layer thickness which are relevant for the detection and screening for macular edema and glaucoma. High resolution imaging would also improve OCT diagnosis of early neoplastic changes. Standard OCT image resolutions are sufficient to image architectural morphology on the 10-15 urn scale and can identify many early neoplastic changes. The ability to image with cellular level resolution would not only enhance the spectrum of early neoplasias and dysplasia that could be imaged, but also improve sensitivity and specificity. 
